-Quantitative investigation of the crystallisation of NaCl from evaporating droplets.
Introduction
The use of infrared thermography (IRT) has been widely adopted over the last several years in many physical, chemical and medical areas [1] [2] [3] [4] . It has also proven to be an important non-destructive technique for investigating civil engineering works [5] [6] [7] and those requiring special attention such as cultural heritage [8] [9] [10] [11] . Stimulated IRT has been widely used for detecting defects in artwork [5, [10] [11] [12] [13] and, recently, for salt detection in stone [14, 15] . Passive infrared thermography is used when the studied process involves temperature and emissivity variations. Some examples are moisture content migration [7, 12, 16] , evaporation [2, 7, 17] or some chemical reaction kinetics [3] .
Salt crystallisation is widely recognised as an important mechanism in stone deterioration. This process can exert a destructive pressure if it occurs within a porous system [18, 19] . Despite numerous studies, the crystallisation mechanism is not yet understood completely. Research on single salt crystallisation from solutions is still needed. The latest advances have focused on the use of new and precise tools such as Environmental Scanning Electron Microscopy [20] , Atomic Force Microscopy [21] , X-ray Computed Tomography [22] or Nuclear Magnetic Resonance [23] . Studies on the heat release and crystallisation from salts primarily use thermal sensors and identify the links between the type of salt and the environmental conditions [24, 25] . The IRT response of the crystallisation of single saline solutions may contribute information on the crystallisation process.
NaCl is one of the most studied salts in many fields, including chemistry, medicine and stone weathering. The crystallisation conditions and shapes are fairly well defined [26] [27] [28] . Thus, the identification of crystallisation steps using different IRT signals may be possible. Based on the environmental conditions, NaCl may crystallise into a cubic or ring-like shape or into efflorescencelike crystals (dendritic, spherulitic or cauliflower shapes) [26] [27] [28] . The type of crystal depends on several factors, such as the evaporation rate [26, 27] and the substrate characteristics [28] . If evaporation rate is low, well-formed cubic crystals will grow. Subsequently, any remaining solution may crystallise as efflorescence-like crystals through a creeping mechanism. Creeping was well explained by Van Enckevort and Los [29] as the evaporation-driven extension of crystals on solid substrates. Hazlehurst [30] described creeping as an intermittent process in which crystal growth is temporarily halted and more crystals grow outside an initial crystal layer. The creeping crystals, which 4 form after the first regular layer of crystals, are disposed in irregular layers in localised regions. These episodic pulses are the consequence of the release of water from crystallisation at the edge of the droplet, evaporation and the crystallisation of new crystals [30, 31] .
In this study, we observed and analysed the crystallisation of NaCl droplets for different solution concentrations and volumes using passive IR thermography. The temperature remained constant at 45°C in all experiments. Relationships between these variables, crystal size distributions and shapes were experimentally investigated. Finally, we discuss the infrared response to the crystallisation processes, from cubic crystal formation to efflorescence growth by creeping.
Methodology

IRT Camera proceeding
The acquisition system was a FLIR SC655 infrared thermography camera. This camera operates in the longwave infrared spectra range [7.5 -14 µ m], which enables investigations over a temperature range from -20 to 150°C for most common materials. The detector is an uncooled array of microbolometers that provides an image resolution of 640 x 480 pixels. The noise signal is approximately 40 mK. The camera was equipped with an additional macro-objective with a magnification x1.6 to provide a spatial resolution of 50 µ m / pixel.
The recorded signal is called the thermosignal (TS). The thermosignal depends on the temperature and emissivity and is expressed in isothermal units (I.U.). To avoid interfering with the observed processes, all measurements were conducted using the passive IRT mode. The recording of the TS was performed in absolute darkness for all of the crystallisation experiments to avoid the heat release from the laboratory illumination. Prior tests concluded that the optimal recording speed was 5 images per second throughout the test for the conditions used. The images were treated and analysed with the ThermaCAM Researcher 2.10 and ResearchID software (FLIR).
Experimental procedure
Crystallisation from solution may be considered a two-step process. The first step is the nucleation of new crystals, and the second step is the growth of these crystals. To ensure that crystallisation occurs, the solution must be supersaturated. In this study, supersaturation was induced by the evaporation of the solvent. We prepared five solutions at different concentrations with distilled water and NaCl (purity of > 99%, Sigma Aldrich). (hereafter referred to as 3.5%, 7%, 14%, 20% and 26%, the latter of which corresponds to nearsaturation). The solutions were filtered to remove any impurities. The crystallisation was assessed in 5 µ L, 10 µ L and 20 µL droplets of each concentration. Two drops of each size and concentration were placed on black adhesive tape (3M), which served as a reference material and was stuck to a glass slide. Its emissivity was determined to be 0.96 in the wavelength analysed by the camera [32] . The glass slides with the solution droplets were placed on a hot plate with a temperature of 45 ± 1°C, to accelerate the evaporation. In addition to entire image observation, variations in the TS were recorded throughout the study in several points of the droplets and compared to the black tape reference. A thermocouple was placed on the black adhesive tape in the immediate vicinity of the droplets to monitor the temperature every second. The experimental setup was placed inside a Plexiglas open-top receptacle with a length, width and height of 50 x 40 x 30 cm, respectively (Fig. 1) . Inside the box, silica gel was used to maintain a constant humidity of 25 ± 5% (to enhance the precipitation/crystallisation). The open side was covered with a transparent, matte plastic film that did not interfere with the IR detection (the film was transparent over the wavelengths examined by the camera [32] ). This avoided disturbance from the air flow, which could distort the salt crystallisation process and helped keep the humidity constant. Hygrometers were used to monitor the relative humidity within the chamber. The average duration of each test was 25 minutes, which was sufficient for all of the reactions to take place. Once the droplets crystallised, the crystal morphology and distribution were assessed by optical microscopy. An Olympus SZH-ILLB stereomicroscope with a digital Tri-CCD camera (Sony, DXP 930) and image analysis software from Microvision Instruments was utilised for the optical microscopy.
Results
The solution droplets had an approximate initial temperature of 25°C (standard laboratory conditions) prior to being placed on the 45°C hot plate. Thermocouple measurements indicated that the black tape and droplets reached a stable temperature ten seconds after the start of the experiment. The initial TS of the droplets ranged from 3 to 10 I.U. lower than the TS from the black tape.
Main phases of the evaporation and crystallisation sequence observed with IRT
The use IRT permitted the identification of the three different phases that occurred during the NaCl crystallisation process. Several points within the droplets were followed during all the processes.
These phases are (I) homogeneous evaporation and crystal appearance, (II) crystal growth driven by evaporation and (III) crystal growth fed by solution creeping.
The presence and duration of these phases depended on the solution concentration and droplet volume.
Furthermore, at certain times, these phases coexisted in different zones within a drop. In general, solutions with a low concentration of NaCl (3.5 to 14%) exhibited crystallisation following phase I-II.
Solutions drops with higher concentrations of NaCl (20 and 26%) exhibited a similar crystal formation pathway with the addition of phase III (creeping). Phase III was found to occur either after or instead of phase II, leading to the pathway sequences I-II-III or I-III.
-Phase I: Progressive homogenous evaporation and crystal appearance. The initial difference in the TS between the droplets and the reference tape (∆TS) varied from 3 I.U. to 10 I.U. The ∆TS decreased steadily over time ( Fig. 2 a-c, Phase I and Fig. 3 ), corresponding to a constant evaporation rate. At this stage, evaporation induced a decrease in the thickness of the droplets rather than a decrease in their diameter [28] . Crystal precipitation could occasionally be distinguished at the solution edges as small areas possessing a low TS ( Fig. 3 .b).
-Phase II: Crystal growth driven by evaporation. This phase featured by a sharp increase in the TS corresponding to the evaporation area, followed by TS stabilisation. This corresponded to zones where the solvent is lost by evaporation and the solution flow occurs from the centre (lowest concentration areas) out towards the edges (highest concentration areas) that act as the pre-existent crystal surface [28, 34] . The TS profile differed depending on the measurement point.
In Phase II, if the crystals did not form at the selected point of the droplet, the TS behaviour corresponded to Figure 2 .a. In this case, the evaporation was homogeneous until the stabilisation of the TS, and a sharp increase was not observed. If the measurement point had a higher NaCl concentration, the IRT revealed an abrupt increase in the TS ( Fig. 2 .b) at the moment of evaporation. These increases in the TS were approximately 2 I.U over all the tests. After the increase, the TS stabilised. The ∆TS after stabilisation was between 0 I.U. and -1.5 I.U. In places where all of the solution evaporated and that were apparently devoid of crystals, the TS was similar to the black reference TS (approximately 0 I.U.) ( Fig. 2.a) . In areas where crystals formed, the TS was lower possibly because the NaCl emissivity [32, 33] was lower than that of the black tape, which was primarily due to the shape factor (Fig 3. d, centre, with a TS similar to black tape; the crystals are shown in dark colours).
In low concentration droplets (3.5, 7 and in some cases 14%), the end of Phase II marked the completion of evaporation and the end of the thermal effect. This occurred after 400-500 seconds for the 5 µL droplets, after approximately 600-800 seconds for the 10 µL droplets and after 750-1000 seconds for the 20 µL droplets. At the end of this phase, crystals were visible as low TS (dark blue) spots in the edges and centre of the droplet (approximately -1.5 I.U.; Fig. 3d ).
-Phase III: "Pop-cold events". After Phase II, no solution was visible with the IRT. However, in high concentration droplets (20, 26 and in some cases 14%), intermittent decreases of the TS around and on the previously formed crystals were observed ( Fig. 2.c ). This indicated that evaporation was not yet complete and that stepped crystal growth processes were still occurring. Formation of new crystals during Phase III was confirmed by visual observation. During this step, the crystals were formed by the creeping mechanism. As explained, creeping is an intermittent evaporation-driven extension of crystals on solid substrates [29] [30] [31] . Creeping leads to an alternating process of dissolution-evaporation-crystallisation. During this phase, the IRT signal recorded intermittent decreases in the TS during the time that new crystals were visually to still be growing. When this intermittent variation in the TS stopped, evaporation was considered to be completed.
This phenomenon may occur in several points on the droplet but was not observed at the same time (Fig. 4) . The measured number of "pop-cold events" at each measuring point was anywhere from 5 to more than 100 ( Table 1 ). The time interval between each "pop-cold event" varied between 1 and 5 seconds at the beginning of Phase III and approximately 15 seconds at the end of Phase III. The decrease in TS varied between 0.5 and 5 I.U depending on the concentration and size of the droplets and is described as follows:
8 -7% concentration droplets: Only one area exhibiting a "pop-cold event" was observed for a 20 µ L droplet.
-14% concentration droplets: For a 5 µ L droplet, only two points exhibited Phase III crystallisation.
The first was a single event, and the second was eight events exhibiting a weak decrease in the TS.
For the 10 and 20 µ L droplets, at least twelve different points were recorded during this phase.
These events occurred between 650 and 850 seconds after the beginning of the test. The areas that exhibited the greatest creeping experienced approximately 20-22 "pop-cold events" with a maximum decrease of 2.50 I.U. in the TS (Table 1) -26% concentration droplets: Phase III started immediately without any other phases or sometimes after a very brief Phase I. The 5 µ L droplets finished their "pop-cold events" after 800-900 seconds, the 10 µL droplet finished after 1000-1100 seconds and the 20 µL droplets finished after 1200-1400 seconds. At the beginning of the test, more than 30 small active areas were identified and selected for measurement (Fig. 4, upper row) . However, during Phase III, some of these areas joined together (Fig. 4, bottom row) . The number of "pop-cold events" was similar for the three droplet volumes, ranging from 40 to 70. However, there were also exceptional cases where more than 100 events occurred. The average decrease in the TS was approximately 4 and 5 I.U.
compared with the black tape.
Relationship between solution concentration and crystal morphology
Clear differences in the crystal size and distribution were observed in relation to the salt concentration.
According to Takiyama [35] , the operating conditions influence the final crystal morphology. Some authors [26] [27] [28] have described the different morphologies determined during crystallisation of a NaCl droplet. We observed different shapes and sizes of crystals that were primarily a function of the saturation concentration, which agrees with the previous results.
In our work, NaCl precipitation occurs in different aqueous solutions of known initial concentration 3.5, 7, 14, 20 and 26%. The saturation ratio, S, is defined as ratio between the ionic activity product and the equilibrium constant. Therefore, these solutions have S values of 0.005, 0.02, 0.10, 0.32 and 0.95. Calculations were performed using Pitzer's ion interaction models using the PHREEQC code.
Halite solubility is nearly independent of temperature and, consequently, the saturation ratio is similar for higher temperature conditions (25-45°C). Halite nucleation occurs at very high superstations. For instance, Desarnaud et al. [36] and references herein reported S values of 1.6 and 1.03, respectively.
The crystal morphology changes from isometric (cubic) structured crystals to anisotropic (efflorescence-like) crystals. Efflorescence-like crystals include dendritic, fan-shaped and spherulitelike crystals resulting from the non-equilibrium growth of the crystals in a supersaturated solution [37] .
Dilute solutions require a greater evaporation time to reach saturations suitable for halite precipitation.
The slow rise in concentration during evaporation makes precipitating crystals slower than for concentrated solutions. As a consequence, cubic crystals precipitate from dilute solutions. However, in saturated solutions, the rate of nucleation increases with S increases, resulting in the aggregation of many crystals. Cubic crystals were observed at the centre of the droplet and ring-like crystals were found at the edges (Fig. 5 ). In addition, towards the end of evaporation, efflorescences-like crystals grew.
-Centre-located cubic crystals (Fig. 5a-d ): There was a clear inverse relationship between the quantity and size of the crystals depending on the solution concentration. In the 3.5% solution, more than 100 crystals were found in the droplet centre (Fig. 5 a) . The average size of the 100 counted crystals was approximately 100 µ m. The 7% solution exhibited fewer crystals on average, but for some cases more than 100 visible crystals were found. The average sizes were only slightly larger than those observed for the 3.5% solution (Fig. 6 a) . The highest concentration solution showed a high dispersion of crystal sizes. The number of visible crystals was only to 3 to 20 with sizes varying from 200 µm to almost 1 mm (Fig. 5 ).
-Ring-like crystals (Fig. 5 a-e): These crystals formed a continuous ring. The convex surface of the droplet favoured evaporation and local crystallisation. This process is well explained by Deegan et al. [34] . Twenty measurements of the width of the crystal ring were carried out for each crystallised droplet. A clear increase in the width was associated with an increase in the solution concentration. The width of the crystal ring varied between 300 µ m for the 3.5% solution and 1 mm for the saturated solutions. In relation to the droplet size, the 20 µL droplets always exhibited wider rings than the 5 and 10 µ L droplets with the same concentration (Fig. 6 b) .
-Efflorescence-like crystals (Fig. 5 a-e): These crystals may be formed by two mechanisms: Top Supplied Creeping (TSC) and Bottom Supplied Creeping (BSC) [29] . In TSC, the saturated solution necessary for the creeping process to take place is supplied by the liquid flow on the sides and top of growing crystallites, meaning that the efflorescence grew upon pre-existing crystals. In BSC, the liquid flow occurs in the narrow spaces between the crystallites and the substrate, so that crystals developed around pre-existing crystals but were still in contact with the substrate [1, 2, 8] .
When examined using with optical microscopy, three different morphologies of the creeping aggregates were found. a) Fan-shaped crystals in contact with the substrate: In the 3.5%, 7% and 14% concentration droplets, dendritic crystals with a flat fan-like shape corresponding to BSC were observed.
These grew from the droplet edge towards both the interior and exterior of the droplet (Fig. 5 a-c).
b) Spherulite-like crystals in contact with the substrate: This crystal growth exhibited both BSC and TSC mechanisms because the crystal was in contact with the substrate (BSC) but also grew in height (TSC; Fig. 5 c) . This type of efflorescence growth was linked to the "pop-cold events". c) Spherulite-like crystals on the surface of previous crystals: These were formed by hairy crystals aggregates and were found primarily in high concentration droplets (20% and 26%; Fig. 5 d-e) , which always corresponding to Phase III "pop-cold" observations. The number of visible aggregates measured varied between 10 and 20. The sizes were similar for 5 µ L droplets for both concentrations. In the 10 and 20 µL droplets with a 26% concentration, the aggregates were bigger, reaching more than 1 mm of diameter (Fig. 6-c) .
Relation between IR TS and crystal formation
From this explanation, two main phases can be differentiated during salt crystallisation from a droplet:
evaporation and crystallisation. To understand the IR thermosignal for each process, tests were carried out using pure water droplets and saline solution droplets together.
Infrared thermosignal from the evaporation processes
The TS of saline solution droplets was lower than the black tape from 3 to 10 I.U. To check the influence of the salt molecules in the solution, saline and water droplets were tested simultaneously.
They initially exhibited the same TS, meaning that salt molecules do not interfere with the TS of the droplet. Only the evaporation rate differed, which was faster for the water due to the higher activity.
Theoretically, pure water has an emissivity of 0.95-0.98, whereas the black tape has an emissivity of 0.96 [32] both in the longwave range. In this way, the saline solution and pure water droplets should exhibit the same or higher TS than the black tape. Nevertheless, the TS were lower. There are two reasons that may explain this phenomenon:
The temperature of the black tape was 45°C, and the temperature of the environment was 25°C.
The temperature is slightly lower on the top of the droplet than on the black tape because of their distance from the heat source and the interaction with the temperature of the environment. At the beginning of the evaporation experiment, the temperature difference between the black tape and the droplet surface is higher and decreases because its thickness is reduced. The distance from the droplet surface to the heat source is reduced as evaporation occurs, and consequently, its temperature increases. The difference in the temperature is not solely responsible for the low TS of the droplets. Previous studies [38] also reported a lower thermosignal in droplets that evaporated at 25°C. The main difference from the present study is that the initial thermosignal is lower than the black tape by approximately 1.5 I.U. instead of the higher values between 3 and 10 I.U. at 45°C.
-2. Droplet emissivity depends on the observation angle. For observation angles of 45° or more, the emissivity was found to decrease (Fig. 7 , modified after Gaussorgues [39] ). In addition, the calculation of the emissivity carried out using the Thermacam research software for a constant droplet temperature of 44.8°C revealed that the initial droplet has an estimated apparent emissivity approximately of 0.5 compared with an emissivity of 0.96 for the black tape. This lower droplet emissivity at the beginning of liquid evaporation influences the lower thermosignal. As evaporation proceeds, the contact angle is reduced and the droplet surface becomes flatter. This produces an increase in the measured emissivity.
Infrared thermosignal from the crystallisation processes
The salt crystallisation process has an exothermic enthalpy of approximately -411 kJ/mol. Thus, the heat released by one mole of NaCl crystallisation is ten times higher than for water evaporation (42.3 kJ/mol). The expected increase in TS during crystallisation was not perceived; on the contrary, crystals were observed as low TS areas. The emissivity of solids, particularly crystals, varies depending on several factors such as the crystal size, shape, and whether the solid is a single crystal or polycrystalline aggregate. Prior tests revealed that the saline and water droplets have the same initial TS, meaning that the salt molecules do not interfere in TS.
-In the case of crystallised cubic crystals, the TS were constant and lower than that the black tape. This is due to the "edge effect" with the measured emissivity using the Thermacam Software being between 0.75 and 0.83. Previous references report values around 0.81 [33] .
-For fan-shaped efflorescences, the TS behaves similarly to that of the cubic crystals. After stabilisation, the TS is similar to that of black tape, a result of the flat morphology of crystal aggregates. These crystals seem to be formed by BSC [29] . The water molecules that remain in the 13 droplet flow by capillary interactions between the substrate and the crystallites. As a result of this arrangement, the solution cannot be observed. Evaporation and crystallisation took place at the edge of pre-existing crystals; however, these processes were not visible in the IRT objective.
-For spherulite efflorescence crystallisation, an intermittent and located decrease in the TS was observed. Only spherulite growth was observed by IRT, not fan shape efflorescences. There are several processes which involve an oscillating TS. Spherulite efflorescences are formed by TSC.
Efflorescence-like crystals may result from the non-equilibrium growth of the crystals starting at some irregularities on the flat surface of previous crystals. This process can even enhance surface irregularities (Fig. 8 ) [37] . These irregularities cause a variation in the crystal-solution contact angle, which may vary from a convex to concave meniscus [29] . A liquid with convex meniscus form is easier to evaporate than a flat surface. However, a convex meniscus requests more energy to dry compared with previous situations. As a result, evaporation can be heterogeneously produced in different parts of one spherulite efflorescence, which produces oscillations in the TS.
Small efflorescence-like crystals also provide a pathway for the solution to spread a much larger surface area and subsequently crystallisation in this increased area. This is due to capillary forces in the narrow branches of the dendritic crystals in the salt solution [37] . Thus, higher concentrations may be achieved in some parts of the surface, causing preferential growth on portions of the surface. The crystals formed are therefore numerous and powdery, with a different crystal size (Fig. 8) . Some crystals have a submicron size, which can be dissolved and precipitated into larger crystals as described by Ostwald ripening rule [40, 41] . Thus, the dissolution process on the surface results in a decrease in the TS, and the evaporation and crystallisation processes cause the TS to return to its initial value. In conclusion, all of the processes that involve creeping produce a strong and intermittent decrease in the TS during this stage. Moreover, emissivity is highly influenced by the crystal shape, which is a function of each new creeping step including dissolution, evaporation and new crystallisation.
Conclusions
In this study, different concentrations and sizes of NaCl droplets were dried at a constant temperature (45°C) under an infrared thermal camera. The early stages of evaporation in NaCl solutions, including crystal birth and growth into droplets, were detected using the TS. In low concentration droplets, cubic crystals grew in the middle of the droplet. The number and size of crystals depended on the initial saline concentration. In high concentration droplets, efflorescence-like crystals also appeared. Some of these crystals, which were observed around the edge of the droplet, may be the result of BSC. The additional growth around previously precipitated crystals is due to TSC. TSC exhibited a particular phenomenon when examined using the IRT: an intermittent decrease in the IR TS of few seconds (referred to as "pop-cold events") occurred 40-70 times for high saturation droplets. The most coherent hypothesis to explain the intermittent decrease in TS is simply that creeping is taking place, causing spherical crystals to aggregate, and that this is the result of the combination of evaporation, dissolution and crystallisation.
Infrared thermography is an appropriate technique to observe and analyse salt crystallisation and allows the direct observation of both the evaporation and crystallisation phases and determination of the types of crystallisation present. By using IRT, creeping mechanisms were observed and quantified as never before, including the demonstration that evaporation was not completed and that crystallisation processes were still occurring even when solution was no longer visible. 
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